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INTRODUCTION
Fiber-Reinforced Polymer (FRP) materials have being widely used in civil engineering applications for more than three decades. Well established analytical models are already available for FRP strengthened beams and columns under flexural and axial loadings. However, the behavior of such members under shear stress field is still under investigation due to the high level of complexity associated with the shear behavior (Zararis 2003) . Most of the available analytical models for predicting the shear behavior of FRP RC members resulted in relatively large discrepancies when compared to experimental results (Belarbi et al. 2011 ). The most important reason for this is the lack of accurate stress strain relationships for FRP RC elements.
In the previous developed models and design codes, the shear contributions of concrete, internal steel reinforcements and externally bonded FRP reinforcements were derived independently.
However, the high level of interaction between these materials should be considered (Bousselham and Chaallal 2008; Chen et al. 2010 ). To accurately predict the behavior of FRP RC elements in shear, the stress -strain relationships of each component and the interactions among them have to be carefully investigated.
Stress -strain relationships of concrete, steel and FRP in tension are required in the equations of theories needed to predict the behavior of the FRP RC element under shear. It has been observed by several researchers that the presence of the externally bonded FRP typically alters the crack patterns and bond condition of the member under uniaxial tensile load, which leads to the change of the main characteristics of the stress -strain relationships of concrete and steel reinforcements (Ueda et al. 2002; Ceroni et al. 2004; Farah and Sato 2011) . In this paper, these stress -strain relationships were studied by testing thirteen full-scale FRP RC prismatic specimens. On the basis of the stress -strain relationships in Softened Membrane Model (SMM), the modified 4 mathematical expressions for concrete and steel in uniaxial tension were proposed. The effects of the FRP reinforcement ratio, steel reinforcement ratio, and the wrapping scheme were studied. . In this paper, the crack spacing and width were captured by a digital image correlation (DIC) system, ARAMIS (GOM MbH., Germany). The comparison between experimental results and the predictions from several codes and provisions are presented and discussed.
EXPERIMENTAL PROGRAM
Thirteen full-scale FRP RC specimens were tested under uniaxial tensile loading. Fig. 1 presents the test setup and dimensions of the specimens. The specimens were 1397 mm long prisms with a cross section of 257 mm × 178 mm. The rebar was welded onto a pre-embedded connector insert that was bolted to a connector yoke. At each end of the specimen, two hydraulic actuators with a 5 total capacity of 1780 kN were used to apply tensile loading to the specimens through the pin connections on the connector yokes. FRP sheets with a width of 203 mm were applied on two opposite sides of the specimen. To prevent the premature failure at the loading zone, several confining plates were installed at the end region of the specimen. Two Linear Variable Differential Transformers (LVDTs) were installed on North and South side to measure the average deformation of the specimen. In order to monitor the effect of bending, two additional LVDTs were installed on the top and bottom surface of the specimen. Strain Gauges (SG) were applied on the rebar and FRP sheets to monitor the local strains along these materials. and #5 rebars respectively. The shrinkage strains for concrete and steel reinforcements in each specimen were also shown in Table 1 , the details of the calculation are presented in the following section.
A digital image correlation (DIC) system, ARAMIS (GOM MbH., Germany) was used to obtain the displacement and deformation field on one side of the specimen. Through this DIC-based noncontact measurement system, the crack spacing and crack width of the specimen were captured in real time. Load was measured with the load cells installed on each hydraulic actuator. Testing initially started using load control up to first cracking and then switched to displacement control until failure of the specimen.
AVERAGE STRESS STRAIN RELATIONSHIP OF CONRETE IN TENSION
The applied tensile force P is resisted by concrete, steel and externally bonded FRP sheets. In the pre-cracking stage, steel, FRP, and concrete are elastic. The cracking strength of concrete is determined by: 
These equations were first proposed by Belarbi and Hsu (1994) . Fig. 3 shows the comparison between the experimental results and Eqns. (2) and (3).
In the post-cracking stage, the stress distribution along the length of the member was altered. At the crack location, the tensile stress was carried only by FRP and steel. Between the cracks, the tensile stress was transferred to concrete gradually through the bond action between concrete and reinforcements (steel and FRP). Since the concrete cracked at a lower level of strain, the steel and FRP are still in the elastic range and therefore the calculations of average stresses are given as follows: 
Average stress in concrete can then be calculated from Eqn. (6) as:
In this paper, the short-term (creep effect insignificant) shrinkage effect was considered using the approach proposed by Kaklauskas and Gribniak (2011) . A fictitious axial force was proposed to evaluate the effect of the shrinkage on the specimen. Based on this approach, the shrinkage strains in the concrete and steel can be expressed as: Table 1 . 9 With the load P and the average strain 1  measured from the test, the average stress strain relationships of concrete in tension were obtained, see Fig. 4 . The average stress the bond stress between FRP and concrete increases while the bond stress between steel and concrete decreases, the increase of the FRP bond is dominant so the tension stiffening increases compared to un-strengthened RC elements; when the amount of FRP reinforcements increases, the crack spacing decreases, which caused a greater deterioration of steel bond, this deterioration becomes dominant and caused a decrease of tension stiffening of concrete. The same phenomenon was also observed in the author's tests that the crack spacing decreases with the increase of the FRP reinforcement ratio; detail information of cracks is presented in the following section of this paper. Fig. 4c and 4d show that the tension stiffening is more evident in specimen strengthened with fully wrap method than FRP anchor and side bond. This could be attributed to the greater increase of the bond action between FRP sheets and concrete with fully wrap as compared to the cases with FRP anchor and side bond. It was also observed from Fig. 4e and 4f that the enhancement of descending portion due to FRP is slightly more significant in the specimens with higher internal reinforcement ratio. 10 
Experimental results for concrete in tension

Proposed equations for concrete in tension
On the basis of the test results, mathematical expressions for concrete in tension were proposed, see Eqns. (10) (14) is shown in Fig. 5c 
The value of w K is assigned to describe the effect of different wrapping schemes, as shown in 
AVERAGE STRESS STRAIN RELATIONSHIP OF STEEL IN TENSION
The stress strain curve of the steel embedded in concrete is quite different than that of a bare rebar; a reduction of yielding stress was observed by several researchers (Okamura et 
The comparison between the stress strain relationships of steel in FRP RC element and those of bare rebars is shown in Fig. 7a-7c . The results show that the apparent yielding stress was altered due to the existence of the FRP. It can also be observed that the difference between the yield stress of bare rebar and apparent yield stress becomes smaller with the increase of FRP stiffness.
This effect is more evident for #3 rebar compared with #4 and #5 rebar. This can be explained that in the specimen with a smaller internal steel reinforcement ratio, the FRP tends to work more effectively in crack width control. As a result, the local yielding of the rebar at the crack location was postponed, which leads to an increase of the apparent yield stress. Based on this phenomenon, the steel reinforcement ratio 
COMPARISON OF THE LOAD STRAIN CURVES
To validate the proposed stress -strain relationships of concrete and steel in tension, comparison of the load strain curves between the proposed model and test results was shown in Fig. 9 . It can be observed that the model predicted the load -strain curve quite well.
CRACK SPACING AND CRACK WIDTH
At serviceability conditions, in addition to the stress transfer between steel rebar and the surrounding concrete, the stress transfer between the externally bonded FRP sheet and the concrete substrate significantly modifies the cracking behavior. Also, the number of cracks and crack spacing change, depending on the bond behavior at the concrete-FRP interface (Smith and Teng 2002), i.e. if number of cracks increases, crack spacing decreases and therefore crack width decreases. The development of cracks is progressive and as the load increases new cracks will form until a stabilized cracking condition is reached. At this stage, no new cracks will develop because the tensile stress in concrete between two cracks is smaller than the tensile strength of concrete (Ceroni et al. 2004) . In this paper, the crack characteristics including crack width, number of cracks, and spacing were all monitored and measured using a DIC system (ARAMIS)
at the conducted experiments.
In FRP RC members, average crack widths are generally smaller than for un-strengthened members at the same smeared strain level (Fig. 10) , due to the additional bond action developing at the FRP-concrete interface which reduces the crack spacing. As shown in Fig. 10 , fully wrap and U-wrap with FRP anchor wrapping schemes provide better control of crack width as 14 compared to side bonding. Furthermore, the thinner FRP (0.6mm, 0.025 in) provides better crack control compared to the thicker FRP (1mm, 0.04 in). It can be concluded that the fully wrap method with thinner FRP shows a better behavior in terms of crack control compared to the other wrapping schemes and FRP thicknesses. As shown previously, the same conclusion was reached in terms of tension stiffening.
Generally, it is assumed that all the deformation of the member when a crack is formed is accommodated in that crack. The crack width is primarily a function of the deformation of the reinforcement and concrete between two adjacent cracks (fib 40 2007). When all cracks have formed, the crack width is given by the following relationship, which is based on compatibility:
Where w is the average crack width; rm S is the average crack spacing and m  is the average strain. In this paper, the available code guidelines for crack spacing in RC members, EuroCode 
Where 1 K is the bond coefficient equal to 0.8 for deformed bars and 1.6 for plain bars; 2 K is the coefficient to take into account the type of loading equal to 0.5 for bending and 1.0 for pure tension;  is the diameter of steel bar; and eff  is the effective reinforcement ratio. 
Where c is the concrete cover and 1 K , 2 K , , and eff  are defined same as in EC2-92 (1992). It was found experimentally that a reasonable estimate of the characteristic crack width is obtained if the maximum crack spacing is assumed to be 1.7 times the average crack spacing (EC2-04).
Therefore, based on EC2-04, the average crack spacing, rm S , can be calculated as follows: In order to assess the reliability of the code predictions, the mean percentage of deviation, σ%, the average ratio of code predictions to experimental results, δ, the standard deviation of variable δ, Coefficient of determination, R 2 , and correlation coefficient, r, are shown in Table 2 .
The statistical parameters reported in Table 2 show that for crack spacing the code guidelines of 
